Regional hydrological modelling or hydrological macro-modelling implies the repeated use of a model everywhere within a region using a global set of parameters. A majority of parameters of the macroscale hydrological model must be estimated, a priori, using existing climate, soil and vegetation data. Observations for calibration and validation of the model are only available at a subset of sites where the model is applied. For all other sites without observations the model application needs to be based on global parameters. Ecomag is a distributed, physically-based model, adapted for application to a regular grid and is used as a platform for model development at the University of Oslo (UiO). Valuable insights into hydrological processes and incitements for model development may be gained by comparing high-quality data sets and model calculations. The inter-European multidisciplinary NOPEX (NOrthern hemisphere climate Process land surface Experiment) project is one of a few prioritized full-scale land surface experiments that provides high quality data sets for a boreal environment that are utilized herein. These are complemented with data from a new experimental area in the mountains in mid-eastern Norway around Lake Aursunden. The UiO model platform facilitates the use of different parameterizations of sub-grid variability. The present work focuses on the identification of process scales for the two study areas and related process parameterization as evaluated from the available data sets. The establishment of a regional set of parameters and data requirements are two other important issues discussed.
INTRODUCTION
A classical problem in hydrology is to be able to calculate runoff, or eventually other hydrological variables, such as soil moisture or groundwater level, at ungauged sites. This problem has received renewed attention in climate impact studies where water balance elements are estimated over large territories by incorporating hydrological models more or less directly with general circulation models (GCM).
Although the focus in macroscale hydrological modelling has been on climate change issues, one should not forget the urgent need for hydrological models that can be applied over large areas. Large-scale models are required for hydrological forecasting and general impact studies where coupling with meteorological models is one possible option and the use of historical climate data in a traditional way is another.
The comparison of high-quality data sets and model calculations provides the stimulus for model development (Betts et al., 1993) . The multi-disciplinary NOrthern hemisphere climate Process land surface Experiment (NOPEX) project (Halldin et al, 1998 (Halldin et al, , 1999 provides the high quality data sets for a boreal environment that are used in this study.
This article summarizes the experience gained in the development and application of a macroscale hydrological model for a boreal environment. The Ecomag model (Motovilov et al, 1999a,b) has been chosen as a platform for this development with a view to making it operational for the whole of Norway. The application of this initial model to the NOPEX area in central Sweden may be regarded as a first step in this endeavour. The second step, focusing more on winter processes, is now under way using data from a mountainous experimental area surrounding Lake Aursunden in mideastern Norway.
First, an overview of the basic processes of the boreal environment is given and some scale concepts are introduced. An approach for identification of characteristic scales and its application in hydrological modelling is then described. This is followed by a general discussion on hydrological models and their ability to be regionally applicable, process parameterization in a boreal environment, model calibration and validation and, finally, data requirements.
BASIC PROCESS UNDERSTANDING
The physical processes for the hydrological transfer of water are described by four basic equations (Freeze & Harlan, 1969) , illustrated in Fig. 1 . It is often claimed in hydrology that a model is "physically-based" when the separate solution of one or more of these equations is a part of the model. This is a reductionist point of view that does not help one to identify the core problem in hydrological modelling. The equations are derived from general principles of fluid dynamics (equations of continuity and motion) at a macroscopic scale. As separate equations they do not describe the complexity of the response of a hydrological system at a certain scale. Instead, the dynamic interactions between the unsaturated zone (the Richards equation), the groundwater zone (the Boussinesq equation), the rivers (the St Venant equation) and the atmosphere and the vegetation (the Penman-Monteith equation) represent the core problem in hydrology. These interactions are well defined only at specific scales related to specific features of the landscape. Therefore, the importance of different interactions and the proper identification of specific scales differs for different regions of the world.
Peculiarities of the boreal landscape
The boreal forest zone is a circumpolar region between 50 and 70°N covering 11% of the world's land surface. The vegetation is dominated by coniferous tree species, although deciduous ones are also common (Bonan & Shugart, 1989) . The climate is characterized by long cold winters with snow cover, and short summers. The annual temperature range is greater than for any other climate. Soil water may be frozen for several months each year. Although much of the boreal forest climate is classified as humid, with precipitation totals between 500 and 1000 mm year' 1 , large areas in Canada and Siberia have annual precipitation totals of less than 400 mm and are classified as subhumid or semiarid (Strahler & Strahler, 1978) . There are large differences between the northern fringe near the tundra, where the role of permafrost can be significant, and the southern part, where summers can be warm and the winters mild. There are also differences between areas with a maritime influence and those in the interior of the continents (Bonan & Shugart, 1989) .
Much of the boreal forest zone lies on continental shield areas of varied rock type and complex geological structure. The landscape is dominated by landforms shaped beneath great Pleistocene ice sheets. Shallow till deposits interspersed with isolated glaciofluvial deposits (e.g. eskers) mantle the bedrock over vast areas, while ice erosion has created numerous irregularly shaped basins (Strahler & Strahler, 1978) . In contrast to most other biomes, lakes, bogs and wetlands are abundant. This mosaic of landscape elements creates a heterogeneous lower boundary to the atmosphere with highly differing thermal, roughness and radiative properties. Small-scale phenomena influence the exchange processes between the land surface and the atmosphere and the lateral redistribution of water through subsurface and surface flows (Halldin et al, 1999) .
Characteristic scales
To obtain a physically-based model, the reductionistic manner of just addressing the four basic equations in hydrology with no specification of scale must be substituted by a holistic one containing a proper description of the dynamic interactions of basic processes at a specific scale (Fig. 2) . In a boreal landscape, at least three specific scales Hillslope flow dynamics Soil-Vegetation-Atmosphere Interaction can be identified. The first is related to the hillslope flow dynamics, which determine the rate of runoff formation and flow into the permanent river network ("blue lines"), lakes and bogs. The second is connected to the dynamics of a river basin in a representative landscape mosaic of hillslopes, lakes, bogs, etc. The third scale is defined from the soil-vegetation-atmosphere interactions in a representative landscape mosaic of different soils, vegetation and land use. The two latter scales might be related, but for the first one of these the boundary is set by the watershed or edge of the basin.
In order to describe the partitioning of rain or snowmelt into évapotranspiration, runoff and temporary storage in the shallow till formations that dominate the Scandinavian boreal zone, it is necessary to consider the paths along which water moves from the hillslopes towards small streams, as well as the mechanisms that attenuate and delay the water flow on the surface and below it. The results from several studies have shown that runoff from undisturbed headwater catchments in boreal forest environments with till deposits is dominated by subsurface flow with saturated overland flow during runoff events (e.g. Lundin, 1982; Nyberg et ah, 1993; Hinton et ah, 1994; Collins et al, 2000) . Even stormflow, i.e. runoff entering the stream channel during or immediately after rainfall or snowmelt events, is dominated by "old" water retained in the catchment after a previous event (Rodhe, 1987; Bishop, 1991) . Furthermore, soil moisture in the root zone plays a key role in catchment response to infiltrated water, which either returns to the atmosphere through évapotranspiration, or percolates to the saturated zone (Anderson & Burt, 1990) . Soil moisture content also influences land surface-atmosphere interactions by redistributing the available energy from solar radiation as latent and sensible heat (Bouten, 1995; Baldocchi et ai, 2000) . Formulated briefly, the hydrological response in a landscape with till deposits depends on the soil moisture in the unsaturated zone and the depth of the groundwater table. Consideration of the processes that influence the patterns of soil moisture and groundwater conditions and the downslope flow of water is therefore essential when developing physicallybased precipitation-runoff models at a hillslope scale, or in small catchments in landscapes dominated by till deposits (Hinton et al., 1993) .
THE PROBLEM OF SCALE
Much of the discussion and theoretical development in the past has centred on the possibility of using "effective" parameter values for a model applied at a certain scale. The parameters are effective in the sense of taking into account the local-scale heterogeneity of soil and vegetation type, topographic position, surface roughness, water stress, and meteorological variables that influence the landscape-scale integrated fluxes. The alternative to effective parameters is to resolve the small-scale variability in terms of probability density functions.
At a certain scale, landscape elements (drainage basins or grid cells) might contain a sufficient sample of geomorphological, soil and other relevant characteristics of a region to reduce the variability of average discharges and évapotranspiration fluxes to a minimum. The underlying variability may still be important, but the patterns are less significant. The scale at which this happens defines the representative elementary area (REA) (Wood et al, 1988 (Wood et al, , 1990 . The REA concept is not a direct analogy with the representative elementary volume (REV) in subsurface hydrology (e.g. Bear, 1979) . In the latter, REV denotes a scale at which average quantities of potential and moisture content can be used in a continuum description of the fluxes. In the former, the distribution of characteristics may still be important in determining the fluxes, but the REA denotes a scale at which the pattern of those fluxes is no longer important. Reggiani et al. (2000) introduced the concept of a representative elementary watershed (REW), which constitutes a complete sub-watershed including subsurface (unsaturated and saturated zones), saturated and concentrated overland flow zones, and a river channel. No mass is transferred across the prismatic surface delimiting the REW laterally. This concept does not state anything about the patterns of variability as those above, but rather focuses on identifying a well-defined fundamental unit containing all basic hydrological processes. Beldring et al. (1999) studied soil moisture and groundwater data collected along transect lines extending from the stream to the ridge of hillslopes in catchments with till deposits in the NOPEX region. Groundwater table depths were observed in piezometers located at intervals of a few metres along these transect lines. At two to five locations along the transects, intensive soil moisture measurements were made in squares of 10 x 10 m with 25 observation points on a 2 x 2 m grid. These squares defined the patch scale in this study. Measurements from similar hydrological response units, classified in accordance with Krasovskaia (1985) into "hollow", "slope" and "nose", showed more-or-less identical fluctuations. Furthermore, spatial mean values of these state variables, averaged over areas of the same size, decreased to a minimum as the area under consideration increased from the patch scale to a scale with a characteristic length of approximately 1-2 km (Fig. 3) . Provided that a minimum exists in the variability of the state variables that govern the hydrological response of the land surface, the same parameterization can be used for predicting runoff or évapotranspira-tion fluxes in catchments or computational elements which are of the order of the size of the REA (Blôschl et al, 1995) .
Identification of characteristic scales
The soil moisture and groundwater conditions in the NOPEX area varied between hydrological response units with different surface deposits or topographical characMsan soil moisture vs area 24.5.1996 Msan groundwater lève vs area 24.5.1996 1 100 10000 1000000 1 100 10000 1000000
Square root of area (m) Square root of area (m) Fig. 3 Spatial variation of soil moisture and groundwater levels (meters below ground surface) as a function of scale of aggregation (from Beldring et al., 1999) .
teristics, whereas the dynamics in units with similar characteristics were identical. Soil moisture and groundwater conditions in environments with till deposits are dominated in this region by variations in topography, vegetation and soil characteristics at a length scale of less than 2 km. This means that there are no gradients in soil moisture content or groundwater levels between sub-catchments at this spatial scale, and, consequently, all lateral water transfer must occur as runoff in the river network. In this respect the identified scale can also define a REW. A similar study of the variability of soil moisture and groundwater levels has been carried out in the Aursunden catchment in Norway (Sivori, 2000) . The general features of the variations were the same as those found in the NOPEX area, but the identified specific scales changed drastically. The dynamics in hydrological response units with similar characteristics were almost identical, even though these units were far apart, while different units, though close in space, showed a marked difference in the space averages. The minimum length scale in this case was 10 km. A complementary statistical analysis of topography identified a typical hillslope length to be about 3-6 km, which supports the suggested size of the spatial scale. Data available from synoptic discharge measurements were also used for identifying a REA scale, indicating that of 40 km. This latter scale differs significantly from the one determined on the basis of data on soil moisture content and groundwater level. However, the variability of runoff depends not only on the runoff formed along hillslopes but also on the presence of numerous lakes, bogs and mires of various sizes in this mountainous landscape. The correlation between lake percentage and specific runoff is as high as 0.71. The results suggest that, in order that the variability in runoff can be disregarded, it needs to be integrated not only over a representative mosaic of hillslopes, valleys, bogs and mires, but also over lakes. Motovilov et al. (1999a,b) used the identified scales for the NOPEX area when defining the size of the computational elements in a regional-scale hydrological model, assuming that river runoff constituted the only transport between the elements. Halldin et al. (1999) suggested that this scale should be used as a common spatial denominator for future work with coupled atmospheric-hydrological modelling in the NOPEX region.
Application of scale concepts
Another important use of the results of the process scale identification is the parameterization of hydrological models. This latter application is, of course, related to the problem of defining a proper size of computational elements in a distributed hydrological model. Provided the grid size has been chosen in accordance with the identified hillslope scale, the process of parameterization implicitly includes the hillslope runoff formation processes down to its entrance to the river net. The transport between grid cells is limited to flow in river channels. If a smaller grid size were chosen, the transport between the cells would also have to include groundwater flow.
The same argument can be used for the Norwegian experimental area around Aursunden. Here, the identified hillslope scale was 10 km, while the catchment scale reached 40 km. In this case, there are three options. The first is to let the size of the grid cells be defined by the processes dominating the hillslope flow. Separate process formulations are then needed for those grids dominated by lakes and bogs. The second is to let the catchment scale define the grid size. In this case, the within-grid process para-meterization needs to include the point interaction between hillslopes, lakes and bogs for formation of runoff and estimation of areal évapotranspiration. The third alternative is to choose a grid size smaller than that of the hillslope. In this case, there is transport of water between grid cells as surface runoff as well as saturated and unsaturated flow in the ground. The dynamics of the runoff formation along hillslopes in shallow till soil is a very complex interaction between unsaturated and saturated conditions and intermittent episodes of surface flow. It is advisable to resolve these processes within grids and therefore use the identified hillslope scale as the minimum when choosing an appropriate fundamental unit size. It is a characteristic of the Scandinavian boreal zone that the groundwater level follows the land surface very closely. In other landscape types with more permeable deposits it is therefore not obvious that an identified hillslope scale excludes the possibility of a significant groundwater flow at a larger scale.
A distinction between hillslope and catchment scales for the Scandinavian boreal zone is still problematic. The sizes of lakes, mires and bogs vary considerably. Even when a hillslope scale has been chosen as the proper size of a fundamental unit, each such element may still contain mires, bogs and lakes. A proper process parameterization at this scale needs to consider the interaction between hillslope dynamics and lakes, mires and bogs. There will of course be cells totally occupied by larger lakes, mires and bogs.
An obstacle for choosing the catchment scale as a base for defining a proper size of a computational element is that, from a hydrological point of view, it should correspond to the watershed or basin edge. This hampers the possibilities for coupling with meteorological models based on regular grid cells. A way out of this dilemma is to use a grid of fundamental units as a common denominator for catchments in the hydrological model component and another larger grid in the meteorological component.
PROCESS PARAMETERIZATION
Ecomag is a distributed model originating from a physically-based model designed by Kuchment et al. (1983 Kuchment et al. ( , 1986 . The original scheme for process parameterization in the Ecomag model is of the conceptual type. This implies that input and state variables should be interpreted as some type of averages over fundamental units. However, the necessary requirements for doing this are seldom fully satisfied, and have to be accepted as a simplification. An alternative is to go one step further and try to resolve the variability across a fundamental unit in terms of distribution functions. These two approaches for process parameterization for a boreal environment are further developed below.
Process parameterization to the hillslope scale-a lumped approach
The Ecomag model was adapted for application to a regular grid . The cell size should be chosen in accordance with the hillslope scale. The parameterization procedure at the grid scale represents a hybrid of physical and conceptual model formulations. The state variables, as well as parameters, are in general physically interprétable.
The potential of this model concept for macroscale modelling was clearly demonstrated for the NOPEX area (Motovilov et al., 1999a,b) . The model was calibrated against runoff data from three catchments and validated with acceptable results against runoff data from six independent catchments. The model was able to reproduce not only runoff formation across the region reasonably well, but also the variation of soil moisture content, groundwater levels and actual évapotranspiration. It is important to note that a comparison of calculated and observed data on soil moisture and groundwater levels needs to be carried out with reference to the same scale. The grid size chosen reflects the hillslope scale, which for the NOPEX area was identified as 1-2 km. The observed values used for comparison with modelled ones thus refer to the averages over hillslopes at the same scale, from the valley bottoms up to the hill tops (Fig. 4) , and not to individual point observations. The latter vary greatly across this scale. The estimated values of évapotranspiration compared well to other independent flux estimations .
The conceptual procedure of parameterization using the Ecomag model is thus quite satisfactory concerning the model performance and applicability of the global parameters. However, a deeper physical interpretation of the obtained parameter values can still cause some problems. Most of these values fall within an accepted range in accordance with their physical interpretation and can be traced back to actual field observations. However, a few parameter values, especially the horizontal conductivity of the A horizon, which controls the quick runoff formation, does not correspond to the values that would have been obtained assuming that the conceptualization of the horizontal transfer of water in the A horizon is correct. The very high values of the hydraulic conductivity obtained might indicate that this part of the model structure reflects a transfer by surface flow rather than by unsaturated flow in the soil. The magnitude of the values obtained is at least one or two orders higher than could be expected from field measurements. An oversimplification in the model structure of the runoff formation along hi]Mopes may be a reason for this.
Process parameterization at the hillslope scale-a distributed approach
A general requirement of the structure of a regional-scale model is that it has a sound physical foundation and that it should be possible to separately validate its components. The models must also be transferable geographically with the parameters derived from the knowledge of the physical characteristics of the landscape (KJemes, 1986 ). An essential task in this context is to account for heterogeneities in the process descriptions at spatial scales smaller than the size of the fundamental units. "Effective" model parameters, which are assumed to represent all local-scale heterogeneities , underline the problem described above as these parameters do not match the field observations. Considering the nonlinear nature of the processes involved and the inherent heterogeneities of natural systems, it would be better to consider a spatial distribution of hydrological responses within fundamental units (Wood et al, 1988; Avissar, 1992; Wood, 1994) . A description of the frequency of occurrence of state variables or parameters is then assumed to be sufficient to provide realistic predictions of runoff and évapotranspiration fluxes in heterogeneous terrain (Beven, 1995) . A critical question is to establish at which spatial scale the description of actual heterogeneity in catchment properties can be replaced by their distribution functions (Seyfried & Wilcox, 1995) . The REA concept used here is a way to approach this problem. Beldrmg et al (2000) developed a precipitation-runoff model for small catchments in a boreal forest landscape where the runoff formation processes at a hillslope scale are resolved using kinematic wave approximations to saturated subsurface flow and saturation overland flow. Soil moisture content in the unsaturated zone was determined by assuming vertical hydrostatic equilibrium and estimating the soil moisture deficit in the root zone. The model described the major temporal and spatial variability of soil moisture content and depth to the groundwater table along hillslopes in the experimental catchments (Fig. 5) .
Experience from the application of this model to two catchments in the NOPEX region, as reported by Beldring et al. (2000) , supports the idea that it is possible to apply the same parameter set for describing hydrological processes in computational elements with similar characteristics at a length scale of about 1-2 km. Such a result demonstrates the geographical transferability of this precipitation-runoff model within a region, i.e. the model satisfies the necessary requirement for regional-scale modelling using a global set of parameters. The model was able to describe the spatial variability of subsurface soil moisture conditions controlling runoff and évapotranspiration fluxes in both catchments modelled, and the model parameters had realistic values compared to field conditions. These results are expected as the model is based on physical descriptions of hydrological processes at the spatial scale of the experimental catchments. As this spatial scale accommodates the major variations in groundwater and soil moisture conditions in the boreal forest landscape, the model fulfils the requirement for a regional-scale model to be able to represent the dynamics of hydrological processes within computational elements. However, this distributed parameterization has not yet been tested as an element in a regional model. 
CALIBRATION AND VALIDATION OF A MACRO-MODEL
Although the general aim in all model development is towards physically interprétable parameters, model calibration and validation will always be important in the development and operational use of models. A model remains a simplification of the natural processes, and scale issues make direct comparisons between observed and modelled variables problematical. This is revealed in the process of calibration by the non-uniqueness of parameter values. In this respect, advanced calibration and validation methods can assist in identifying questionable model parameters and even model structures. Some of the parameters of a macroscale hydrological model must be estimated a priori using existing climate, soil and vegetation data. For the regional application, also covering ungauged sites, the calibration and validation of a model must be complemented by procedures for regionalization of model parameters.
Regionalization of model parameters
Regionalization methods aim to find a relationship between the parameters of the modelling units and their physical characteristics. Parameters of lumped conceptual models operating on the catchment scale, can be regionalized by relating them to catchment characteristics using multiple regression (e.g. Abdulla & Lettenmaier, 1997) . In a 1981-1995 1981-1991 1981-1995 1981-1995 1981-1995 1981-1995 1981-1995 distributed hydrological model, the approach to finding a regionally applicable set of parameters is different. Physical characteristics, e.g. soil class, land-use class and average slope, are included in the parameterization in the modelling strategy followed in this paper.
The calibration schemes of split sample and proxy basin tests suggested by Klemes (1986) were followed when applying the distributed Ecomag model for the NOPEXregion. The split sample and proxy basin tests consider, respectively, whether the model is transferable in time and whether it is geographically transferable within a region. A global parameter set was determined by calibrating the model against runoff for three catchments and validating it using six other catchments. An additional adjustment of the model parameters was performed using soil moisture and groundwater data from five small experimental basins. Table 1 shows a comparison of the performance in terms of the Nash-Sutcliffe coefficient (R eft ) (Nash & Sutcliffe, 1970) for the total nine catchments investigated.
Neither the regression method nor the split sample and proxy basin tests consider the non-uniqueness of parameter sets. This is especially important when model parameters are correlated. A striking result in Motovilov et al. (1999a,b) was the variation in the performance criteria between different years and different catchments. The final calibrated parameter set is therefore dependent on both the time period and the catchments used for the calibration. To obtain regional parameters, it is necessary to find parameters that are less dependent on the catchment or on the time period used for calibration.
Non-uniqueness of model parameters
A conclusion that can be drawn from the earlier quoted studies is that more formal procedures are needed for accepting a model for regional application as well as in the search for regional parameters. In the hydrological literature there are at least two approaches that can serve as appropriate tools: the multi-objective method and the Bayesian method, referred to in hydrology as the Generalised Likelihood Uncertainty Estimation (GLUE) (Beven & Binley, 1992) . Both the multiobjective method and the Bayesian method consider the uncertainty in the choice of parameter values. Instead of letting the user, or an optimization routine, decide the one and only optimal parameter set, several parameter sets are considered as likely. In the multi-objective context, the parameter variability is due to the trade-off between one or more objective functions for the different catchments, resulting in a set of Pareto optimal parameter sets. The Bayesian method, on the other hand, gives the statistical uncertainty around the optimum of one objective function for all catchments (which in this case is the product of the objective function for each catchment). Engeland et al. (2001a) applied the Bayesian method to analyse the performance of the Ecomag model for the NOPEX region. Runoff data from several catchments were used to update the parameter probability distributions. For a model to "perform satisfactorily" in a regional context it was postulated that: -the shape and the optima of the parameter distribution do not depend too much on the catchment or year used for its estimation; -the parameters are sensitive to the model result (objective criteria); -the variance of the parameter distribution should decrease as new runoff data (from a new year or catchment) are used for updating (this follows from the two points above); and -a performance criterion calculated for the optimal regional parameter set for each catchment should be higher than some lowest acceptable value.
The results showed that a regional parameter set existed in this context. The use of additional data implied a decrease in the variances of the marginal distribution for most of the parameters, and a relatively narrow area in parameter space appeared to contain good parameter sets for simulation of runoff in the nine catchments in the NOPEX Number of data sets used for updating of probability Fig. 6 The entropy measure for the marginal distributions of the parameter space for the Ecomag model as data from more catchments are used for updating the probability distributions (from Engeland et al., 2001a). region. To illustrate this, Fig. 6 shows the entropy measure for the marginal distributions of the parameter space, as data from more catchments are used for updating the probability distributions. With a few exceptions, the entropy decreased (i.e. the information about the respective parameter increases) when more regional data were added. Engeland et al (2001b) showed that the basic assumptions for the calculation of the probability distribution were violated, i.e. the simulation errors are independent normally distributed with zero mean and constant variance. The simulation errors were autocorrelated and had a systematic bias. All the statistical parameters, including the variance of the simulation errors, depended on climate and geography. The results indicate that the simulations by a deterministic hydrological model can be improved by constructing a statistical model for the simulation errors. To estimate the parameter uncertainty in a Bayesian framework, it is necessary to include the statistical model for the simulation errors in the estimation procedure. It might also be important to include the uncertainty in the input data. This is an issue for further investigation.
Can a model structure be falsified?
In order to have confidence in a physically-based model, it must describe the relevant mechanisms linking precipitation and runoff in a particular environment, its operational performance with regard to all relevant aspects of model behaviour must be validated, and the model parameters should be well defined (Sorooshian & Gupta, 1995) . An important issue is to be able to falsify an inadequate process parameterization. The multi-objective and Bayesian methods provide a background to identify weak links in model structures and ill-defined parameters. It is important to note that a good model structure cannot compensate for poor background data for model validation.
Even though the statistical assumptions for the calculation of the probability distribution of the parameters are violated, the Bayesian method has proved to be useful for estimating and evaluating regional parameters. For Ecomag it is shown that one parameter, the surface depression storage, is not suitable in a regional application (Engeland et al, 2001a) . The location of the best parameter sets in parameter space changes too much between years and between catchments. The vertical conductivity of horizon A was found relatively insensitive to model results. When the value was high enough, the model results were good.
To investigate which simulation errors can be explained by errors in parameter values and which arise from errors in model structure, it is possible to calculate the uncertainty boundaries of simulated runoff due to parameter uncertainty and compare these to observed runoff. The results showed that Ecomag had problems simulating one catchment, Stalbobacken. This can be explained by the eskers that cover large parts of this catchment (Engeland et al, 2001a ). The Ecomag model also had problems in simulating some special climatic conditions. Such information can be useful for further improvement of the model.
The model suggested by Beldring et al. (2000) describes the major characteristics of the processes involved in the conversion of precipitation or snowmelt to runoff at the hillslope scale. The model provides realistic predictions of the temporal and spatial variability of depth to the groundwater table, and consequently, of the variable proportion of catchment areas where runoff was generated.
In order to evaluate the validity of this model, Beldring (in press) performed multicriteria parameter estimation with the MOCOM-UA method Gupta et al, 1999) with the aim of optimizing the Nash-Sutcliffe (Nash & Sutcliffe, 1970 ) statistics of runoff and groundwater level data from the Saeternbekken experimental catchment near Oslo, Norway. Results from the multicriteria calibration strategy were compared to those from a single-criterion calibration procedure. The model performance was best for the parameter sets based on the multicriteria calibration strategies, indicating that groundwater levels exert a major control on the hydrological response of the investigated catchment (Fig. 7) . The ranges of predictions based on multicriteria calibrations were constrained to narrower intervals than single-criterion calibration. The validity of this model structure was also supported by the fact that its parameters have physically realistic values.
The results from several studies (Lamb et ah, 1998; Seibert et al., 1997; Beldring, in press ) draw attention to the problem of predicting groundwater levels at specific points with a model that is based on an assumption of spatially uniform soil properties. The results obtained with the precipitation-runoff model of Beldring et al. (2000) also showed that predicting groundwater levels in piezometers not used for calibration was difficult. Considering the limitations of the precipitation-runoff model, a better approach would be to compare its results to the distribution of groundwater levels observed in a number of piezometers representing the different hydrological response units in the catchment. Although this would require an extensive data collection 
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Runoff Runoff programme, it is the only way to obtain a realistic estimate of moisture conditions in catchments in a boreal forest landscape.
DATA REQUIREMENTS
For the regional application of a macroscale hydrological model, data to validate the process description are essential. Of great importance in this context is a series of recent and ongoing land surface experiments, where hydrologists, together with meteorologists, climatologists, plant physiologists, ecologists, soil scientists, hydrogeologists, etc., are studying the exchange processes between the land surface and the atmosphere at a range of scales, from an individual soil column with vegetation to the globe as a whole. The design and execution of these coordinated experiments constitute a landmark in hydrology with the realization that the essence of physical science is experimentation (National Research Council, 1991) . The most critical barrier to the future development of theoretical hydrology is the availability of data for identifying and verifying theories (Gottschalk & Askew, 1987) . The recent and ongoing land surface experiments provide such data. An extensive amount of meteorological and hydrological data have been used to set up the hydrological macroscale Ecomag model for the NOPEX and Aursunden sites and in the different attempts to develop, calibrate and validate process parameterization at the hillslope scale, namely: -geographical data including digital terrain models and comprehensive digitizsed soil maps; -regular climatological and hydrological observations from national hydrometeorological services; -measurements of discharge, groundwater levels and soil moisture, as well as standard climatological variables, obtained from detailed hydrological studies in experimental basins (e.g. during the NOPEX concentrated field efforts, the data set comprised about 2000 individual measurements of groundwater levels and about 16 000 measurements of soil moisture content); and -synoptic discharge measurements (for methodology see Krasovskaia, 1988) ;
The present generation of conceptual models has been adapted to the fact that the only type of available observations over large areas are temperature, precipitation and runoff. If now a new generation of models is developed that replaces the existing conceptual ones, and for which higher demands are being made concerning its regional applicability also at ungauged sites, it must be recognized that the present strategy for collecting data needs to be changed. A model concept does not stand alone. It must be linked into an integrated data collection and modelling approach. Calibration against runoff is not sufficient. Calibration against groundwater, soil moisture and flux data is also required if the ambition is to also model these variables correctly. A critical point is the preservation of scaling properties from fundamental units to the basin scale. Parameterization of processes at a hydrological macroscale needs to be adapted to correctly reflect the peculiarities of the landscape in the region where the model is to be applied. At least one experimental basin like those referred to here (NOPEX, Aursunden) needs to be established in each characteristic region, along with a regional network of groundwater, soil-moisture and SVAT measurements.
Given the task of calibrating or validating a regional, distributed hydrological model, remote sensing is an effective means of obtaining spatially-distributed information. The possibility to extensively map what would otherwise have been "internal states" enables a far more rigid validation of model formulations and assumptions than observed discharge alone, even when several gauges are included. The distributed nature of remote sensing data is particularly valuable for validating assumptions governing the spatial variation of processes, which generally involves very difficult considerations in distributed modelling. In addition, remote sensing data are also available for otherwise ungauged areas. Data revealing spatial variability are very important for the calibration and validation of models and to determine the appropriate modelling scale (Artan et al, 2000) .
Remotely sensed soil moisture data for smaller agricultural areas were available for shorter episodes from the NOPEX area. They covered very small parts of the total area and not the dominating forested areas. That is why efforts were concentrated instead on campaigns of conventional soil moisture measurements and groundwater levels. Microwave remote sensing of soil moisture has received great attention, and is generally considered useful for agricultural land, where the effects of vegetation and surface roughness are moderate and predictable. It should be noted, however, that the microwave signature is dominated by a shallow topsoil layer, not by the entire unsaturated zone. In forest areas, remote sensing of soil moisture has been unsuccessful. Algorithms exist for detecting leaf area index from optical images, and also remotely sensed canopy temperature can be linked to evaporation models. However, to date, operational algorithms for measuring evaporation with remote sensing do not exist (de Troch et al., 1996) .
Remotely sensed data are also valuable during the winter season, but their value is greatly enhanced if they are combined with land-based conventional surveys of snow depth and snow water equivalents. The snow routine in a hydrological model is particularly suited for remotely sensed data. Kirnbauer et al. (1994) provide an extensive review of distributed snow modelling and, in particular, emphasize the use of observed snow cover patterns to discriminate between alternative model assumptions. Home & Kavvas (1997) discussed the problem of averaging spatial heterogeneity in snowmelt models based on physical equations. Kolberg & T0fte (2000) included remotely sensed data on a snow covered area in a Bayesian validation of a conceptual model, in order to reject parameter sets with unrealistic simulation of the snow distribution. Using this information, the model parameter directly determining the snow distribution was markedly better defined, whereas the improvement for other parameters was minor. Concerning the uncertainty in discharge simulations resulting from parameter equifinality, the inclusion of remotely sensed data markedly reduced the variation among simulations. The Nash-Sutcliffe (i? e ff) criterion was slightly improved, both during the year when the images were taken, and during a validation year when no images were used.
The use of geographical information systems (GIS) has not been discussed specifically in this review article, but it is rather seen as a standard tool for handling digital map data. The Ecomag model contains in itself a small GIS. Most of the spatial data analysis related to the scale studies and the preparation of spatial data for model inputs have been performed using Arclnfo.
CONCLUSIONS
Regional hydrological modelling or hydrological macro-modelling implies a repeated use of a model everywhere within a region using a global or regionalized set of parameters, applying global calibration and global validation. Scale consistence and process oriented parameterization are key issues for the development of this new generation of hydrological models.
There is a wide range of applications of hydrological macroscale models. In operational hydrology there is a demand for models that are better adapted to quantitative distributed remotely sensed data and weather nowcasts (i.e. from radar) and forecasts (i.e. from Limited Area Models, LAM). Climate change studies imply a more-or-less direct coupling between hydrological and meteorological models. To be successful, environmental change studies need to be based on models that correctly consider the flow paths through a catchment, i.e. where the process parameterization resolves the small-scale processes of importance with a sound physical background.
As the field of application is wide, ambitions for the development of hydrological macroscale models differ. For climate change studies, the focus is on correct accounting for the vertical transfer of sensible and latent heat and less on the formation of soil moisture, groundwater and runoff. The scale of these models is usually quite large and it might therefore be reasonable not to resolve the latter processes in any detail. The Ecomag model that has been chosen at UiO as a platform for developing a macroscale hydrological model is intended for use at smaller scales in a national framework for Norway. Coupling with weather models is an important issue, and so is the possibility to correctly account for the specific features of the boreal environment with shallow groundwater interacting with soil moisture, lakes and bogs.
The potential of the Ecomag model concept for macroscale modelling has been clearly demonstrated for the NOPEX area. However, parameterization of the physical processes at the hillslope and catchment scales is a field that needs to be further developed. The model developed by Beldring et al. (2000) shows promising features, but needs to be tested on a regional model platform. Furthermore, other important processes of the boreal landscape, like lakes and bogs, need to be included in the concept. The parameterization of winter processes and évapotranspiration also needs improvement. The multiobjective and Bayesian methods for validation of model behaviour are important tools for identifying weak links in model structures and even incorrect model structures.
A wider use of the model concepts developed here demands new strategies for data collection. The model does not stand alone. The procedures of calibration and validation of the model structures and parameters need extensive sets of data. Precipitation and runoff data are not sufficient. Data on groundwater, soil moisture, snow cover, and latent and sensible heat fluxes are equally important. To be able to rely on a regional model, these new procedures of calibration and validation must be followed. The use of remotely sensed data has not been discussed extensively herein. It has a clear potential for model improvement and for the operational use of macromodels in the boreal zone, especially during winter conditions.
